The ability to reach a high running velocity over a short distance is essential to a high playing performance in team games. The aim of this study was to determine the relationship between running time over a 10-meter section of a 30-meter sprint along a straight line and changes in the angle and angular velocity that were observed in the ankle, knee, and hip joints. The possible presence may help to optimize motion efficiency during acceleration sprint phase. Eighteen girls involved in team sports were examined in the study. The Fusion Smart Speed System was employed for running time measurements. The kinematic data were recorded using the Noraxon MyoMotion system. Statistically significant relationships were found between running time over a 10-meter section and the kinematic variables of hip and ankle joints. An excessively large flexion in hip joints might have an unfavorable effect on running time during the acceleration phase. Furthermore, in order to minimize running time during the acceleration phase, stride should be maintained along a line (a straight line) rather than from side to side. It is also necessary to ensure an adequate range of motion in the hip and ankle joints with respect to the sagittal axis.
Introduction
A 30-meter run is a popular test used by coaches in team sports in order to evaluate the level of speed abilities in athletes [1, 2] . Over such a distance, consecutive phases of a sprint can be distinguished in athletes from team sports: start, push-off, acceleration, and, contrary to sprinters, maximum velocity phase [1, [3] [4] [5] [6] . The acceleration phase for these athletes is much shorter than that for track sprinters, and the maximal running velocity is reached earlier [1, 3, 5, 6] . However, the time of a 30-meter run should be interpreted carefully due to the substantial time differences within the test distance. For example, two athletes can have a similar running time over a 30-meter distance. However, the split times in individual sections of the run may differ significantly. Therefore, the individual sprinting workout of a player from team sports should be based on split time recordings [2, 3] .
Running at a substantial velocity is observed among soccer players at 70-90-second intervals [2, 7, 8] . However, team sport players never reach maximal velocity during a sprint under actual game conditions [1, 6, 9] . Of all the sprints that are performed by soccer players, 49% are shorter than 10 m and 96% are shorter than 30 m [2, 7] . Therefore, the ability to reach high running velocity over a short distance (acceleration) is essential to high playing performance [1, 3, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Consequently, coaches should plan running workouts for team sport athletes that focus on the acceleration phase rather than maximum velocity [1, 6, 9] . The time it takes an athlete to run a 10-meter section is considered a measure of acceleration ability, and the distance of 10 meters is considered a conventional distance of acceleration (its initial part, with velocity increment being the highest) [6, 8, 10, 11, 13, 14, 17, 18 ].
Applied Bionics and Biomechanics
Each of the sprinting phases is characterized by different technical and physiological demands to maximize motion efficiency. Therefore, different training programs should be designed to improve the individual phases of a sprint [3, 4, 13, 19] . The specific nature of each sport should also be considered because running technique used by athletes from team sports differs greatly from the technique that is used by track athletes [1, 3, 6, 20] . Team sport athletes run with a relatively lower height of the center of mass, less knee flexion during swing phase, and lower knee lift [1, 20] . This type of running helps team sport athletes to change their direction of movement faster [20] .
The major goal of a team sport player when running over a short distance is to cover the distance as soon as possible in order to be ahead of either the offensive or defensive actions of the opponents. Therefore, a maximization of the horizontal component of velocity of the athlete's center of mass is needed. Running velocity is represented by a mathematical product of stride length and stride frequency. In order to maximize running velocity, it is necessary to proportionally increase both variables. Furthermore, each running phase requires different length-to-frequency ratios in order to maximize the effectiveness [9, 11, 12, 14, 19, 21, 22] .
Acceleration ability can be improved by emphasizing the kinematic variables (which characterize the running technique) and/or kinetic variables (associated with the effect of force) during training, considering their mutual relations. The running technique should become the basis on which other variables, which are responsible for energy production or muscle strength, can be developed [9, 14, 15] . For example, a player with a greater potential for the development of high running velocity will lose to opponents due to a longer reaction time and poorer starting technique [23] . Teaching proper movement technique is essential in young athletes, with their training being more general and unfocused towards the development of strength abilities. During the acceleration phase, running technique should be most conducive to developing high speed in a short time [15] . Therefore, adequate synchronization of movements of the upper limbs with respect to the lower limbs is needed [22] .
However, researchers do not agree on the most effective training method to improve acceleration ability and on which variables should be improved [9, 12, 14, 16, 17] . This is likely caused by an unclear contribution of individual joints to running performance [24] . Mann and Herman [21] reported that a lower value of knee extension at take-off positively affects sprinters' running times. Analogous conclusions were drawn by Murphy et al. [11] regarding the acceleration phase. Furthermore, Krell and Stefanyshyn [24] found that sprinters who had shorter running times were characterized by higher maximal rates of metatarsophalangeal extension. Ansari et al. [25] suggested that kinematic variables, such as knee angle, hip angle, ankle angle, shoulder rotation, and extension, are of key importance to the sprinting technique and have a clear effect on sprint performance. In contrast, Ranjan [26] found nonsignificant relationships between the angles in the knee, hip, and ankle joint and the sprint start performance. Lockie et al. [27] also did not find statistically significant relationships between the 0-5 and 0-10 m sprint times and the angles in the knee, hip, and ankle joints.
A substantial number of accelerations and cuts over short distances resulting from changes in the direction of movement make the ability to reach a high running velocity over a short distance essential for high playing performance [1, 3, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the vast majority of studies on relationships between kinematic variables and running time have evaluated populations of runners [4, 17, 21, 22, [24] [25] [26] . Furthermore, reports concerning the running technique of young athletes from team sports are also scarce [5] . The aim of this study was to determine the relationship between the running time over a 10-meter section of a 30-meter sprint along a straight line and changes in the angle and angular velocity in the ankle, knee, and hip joints. Therefore, the authors attempted to answer the question of whether a technique of lower limb movement during the sprint acceleration phase significantly correlates with the running time over this section.
Materials and Methods
Examinations involving members of the Lower Silesian Voivodeship Team were carried out in a group of 265 participants selected from young people who trained in team sports (soccer, basketball, volleyball, and handball). Eighteen girls with the highest potential speed abilities were selected from this group. This selection was based on the maximum height of the countermovement jump [28] . The study group was characterized by the following mean values (±SD): body height, 165.5 ± 10.5 cm; body mass, 52.4 ± 10.3 kg; and age, 13.7 ± 1.4 years. Training experience was 4.2 ± 1.7 years. Parents were informed about the purpose of the study and provided written permission for the tests. The experiments were carried out in the Ball Games Research Laboratory (with PN-EN ISO 9001:2009 certification). The research project was approved by the Senate's Research Bioethics Commission, and the procedure complied with the Declaration of Helsinki regarding human experimentation.
A fifteen-minute warm-up was administered before the measurements. The athletes performed a trial test before the measurement. Each participant performed two 30-meter runs over a straight line. The analysis was based on the trial with the shorter time of the first 10-meter section obtained by each participant. The distance to be run was purposively elongated in order to avoid the slow-down effect in the final part of the run [10] .
The Fusion Smart Speed System (Fusion Sport, Coopers Plains, QLD, Australia) was used to measure the sprint time over individual sections. This system is comprised of gates, with each gate equipped in an infrared transmitter and a light reflector. A distance of 2 meters was adjusted between the infrared transmitter and the light reflector. Individual gates were spaced 5 meters (beginning from the start line) apart to record the time of crossing the infrared radiation beam. A Noraxon MyoMotion (Scottsdale, AZ, USA) motion analysis system was used to analyze the kinematic variables. A small inertial measurement unit (IMU) placed on a body segment tracks its 3D angular orientation. By placing individual IMU sensors on two neighbouring body segments, one can evaluate the range of motion in the joint placed between these segments. This principle might be extended from an individual movement of a joint over simultaneous measurement of the motion of the whole body in individual major joints. The MyoMotion sensors transmit the motion of the human body directly to the MyoMotion receiver to quantify the angular changes of the selected body segments. The information from a 3D accelerometer, gyroscope, and magnetometer is used to measure 3D rotation angles of each sensor in absolute space. The system is entirely wireless and does not need calibration of the measurement space, which allows for measurements outside the laboratory. System is entirely independent of external cameras. MyoMotion Research inertial sensors were placed according to the rigidbody model, with 16 joint segments used in the MR3 software on shoes (top of the upper foot, slightly below the ankle), shanks (frontal on the tibia bone), thighs (frontal attachment to the lower quadrant of the quadriceps, slightly above the knee cap, area of lowest muscle belly displacement in motion), and bony area of the sacrum (Figure 1 ). The sensors were attached with special fixation straps (for pelvis) and elastic straps. Calibration was carried out using the upright position in order to determine the value of the 0 ∘ angle in the studied joints. The sampling frequency for the inertial sensors was set at 200 Hz. Instantaneous changes in the joint angles in the area of the lower limb were recorded: hip joint (with respect to the long, transverse, and sagittal axes), knee joint (with respect to the transverse axis), and ankle joint (with respect to the long, transverse, and sagittal axes) during a 30-meter run along a straight line. Positive values of the angle depending on the joint and axis correspond to flexion, abduction, external rotation, dorsiflexion, and inversion. The angular velocities in the area of these joints were determined based on the derivative of the distance (angle) over time [29] .
The participants started from a standing position at the light signal. The left lower limb of a study participant was placed ahead of the start line so that the first step was performed with the right limb. Three entire running gait cycles were used for both the left and right lower limbs (steps 3 to 8 occurring during the acceleration phase), determined based on the instantaneous angle in the knee joint (the border between the cycles was the minimum value of the angle). Manual recognition was used to isolate the running gait cycles. The running steps were counted at a distance of 10 m, adopted as a conventional acceleration phase [6, 13, 18] . The first two running steps were neglected in the analysis because they started at the near-zero velocity, thus being substantially different from the other six.
Three entire gait cycles (as a whole) were normalized with respect to time and averaged for each lower limb separately. Then, the mean angle and angular velocity profiles were calculated with standard deviations. Before generating the graphical presentation shown in Figures 2 and 3 , the profiles were smoothed. The procedure of standardization (normalization of variables) allows for intercomparison, even if the subjects have differed in terms of somatic parameters. Therefore, the curve shapes were normalized with respect to time (relative time expressed as a percentage).
In order to analyze the relationships between the sprint time over the section of 10 m and the individual kinematic variables, Spearman's rank correlation coefficient was used due to the lack of normal distribution of the studied variables. The level of significance was set at = 0.05. Furthermore, multiple regression was used to find the variable that was the most correlated with running time. Figure 2 presents the instantaneous changes in the angle in the area of lower limb joints: hip joint (with respect to the long, transverse, and sagittal axes), knee joint (with respect to the transverse axis), and ankle joint (with respect to the long, transverse, and sagittal axes) during the acceleration phase of a 30-meter run along a straight line. In Figure 2 , steps 3, 5, and 7 (from the start line) for the right lower limb and steps 4, 6, and 8 (from the start line) for the left lower limb were presented. Analogously, changes in the variable of angular velocity are presented in Figure 3 .
Results
Statistically significant correlations between running time over a 10-meter section and individual kinematic variables of the hip joint were found for the maximum flexion angle, flexion-extension range of angular velocity, maximum adduction angle, maximum adduction angular velocity, maximum abduction angular velocity, abduction-adduction range of motion, and abduction-adduction range of angular velocity. Furthermore, statistically significant correlations between running time over a 10-meter section and individual kinematic variables of the ankle joint occurred for maximum eversion angular velocity, inversion-eversion range of angular velocity, maximum dorsiflexion angle, maximum plantar flexion angle, maximum abduction angle, maximum abduction angular velocity, maximum adduction angle, maximum adduction angular velocity, abduction-adduction range of motion, and abduction-adduction range of angular velocity. For other recorded variables of the hip joint and ankle joint, the relationships with running time over a 10-meter section were not statistically significant. These correlations differed in their magnitude and significance depending on the running gait. Values of correlation coefficients for the hip joint are presented in Table 1 , whereas these values for the ankle joint are shown in Table 2 . No statistically significant correlations were found between running time over a 10-meter section and individual kinematic variables of the knee joint. Multiple regression analysis revealed that the most significant correlation with running time was observed for the maximum hip flexion angle during the eighth running step.
Discussion
Statistically significant relationships between running time over a 10-meter section and kinematic variables of the lower limbs occurred most often for one of the body sides, mainly left (Tables 1 and 2 ). This observation might suggest that the movement pattern during the initial acceleration phase is somehow determined by the asymmetric start (the first step performed by the right lower limb). Therefore, despite alternate work of the limbs, the movement kinematics in the acceleration phase were not as symmetrical as in the maximal velocity phase [29] . Coaches should therefore focus on improving the acceleration phase and on starting from both the left and right legs (at zero initial velocity and at flying start). This improvement is associated with dynamically changing situations on the field or court, which cause team sport athletes to perform many explosive movements during the game, such as rapid starts, accelerations and cuts, changes in the direction of movement, or jumps. For instance, soccer players perform 150-250 brief intense actions lasting 1.9-2.7 s during a match [7] . The effectiveness of the above movements depends mainly on lower limb power [1, 2, 13, 19] . Lockie et al. [14, 15] argue that the beneficial effect on running time over a 10-meter section is from greater stride length, longer flight time, and shorter contact time. However, the statistically significant positive correlations between running time over a 10-meter section and maximal hip flexion angle (steps 4 and 8) suggest that excessively large flexion in hip joints is unfavorable for running time during the acceleration phase. Furthermore, the maximum hip flexion angle during the eighth running step showed the highest relationship with running time among all of the studied variables. These relationships may suggest that the stride length during the acceleration phase should not be too long. This result is likely to be supported by the lack of statistically significant relationships between the running time over a 10-meter section and kinematic variables for the knee joint with respect to the transverse axis. Statistically significant relationships between the running time over a 10-meter section and the dorsiflexion angle (positive, step 3) and plantar flexion angle (negative, step 5) appear to support this thesis. Therefore, it seems that the running stride should be performed dynamically (shorter contact time) rather than strongly forward (adequate proportion of stride length to stride frequency). This result appears to be supported by a statistically significant negative relationship between running time over a 10-meter section and the hip flexion-extension range of angular velocity (step 4). Indeed, some authors have documented a beneficial effect of stride frequency on the effectiveness of the acceleration phase [9, 11] . Therefore, in order to improve the acceleration phase, coaches should consider exercises that increase power in the lower limbs. The running stride during a sprint can be regarded as a ballistic movement due to the duration of the phase of foot contact with the ground being shorter than 0.2 s [9, [13] [14] [15] [16] 19] . The athletes studied by Lockie et al. [14, 15] were much older (22.6 ± 3.2 years) than the athletes included in our study, which may justify the differences. However, the step frequency is more difficult to improve than the step length during the training process. Additionally, faster athletes employ a higher step frequency with a similar step length to those of their slower counterparts [17] . It has been suggested that the angle between the thigh and body trunk during the acceleration phase should be approximately 90 ∘ (eighth step). Therefore, the above values were slightly smaller than those suggested by Spinks et al. [16] .
Statistically significant negative relationships between running time over a 10-meter section and the maximal adduction angle for the hip joint (steps 4, 6, and 8) and ankle joint (steps 6 and 8) may demonstrate that the running gait should be performed in a line consistent with the direction of running (straight line) rather than from side to side. This result appears to be supported by a statistically significant positive relationship between running time over a 10-meter section and the maximum abduction angle in the ankle joint (step 5). An efficient sprint involves placing the foot closer to the location of the vertical projection (on the ground) of the center of gravity of the runner's body. In order to counteract the horizontal deceleration, the foot, after contacting the ground, should move towards the rear with respect to the general center of gravity with the horizontal velocity, which is at least equal compared to the velocity of the general center of gravity of the running person [21] . Statistically significant negative relationships between the running time over a 10-meter section and the maximal values and range of angular velocity with respect to the sagittal axis of the hip joint and ankle joint and with respect to the long axis of the ankle joint (Tables 1 and 2 ) seem to support the need for performing the running gait as dynamically as possible.
Ansari et al. [25] suggest that kinematic variables, such as the hip angle, knee angle, and ankle angle, are essential to the sprinting technique. In contrast, Ranjan [26] and Lockie et al. [27] did not find statistically significant relationships between the angles in the knee, hip, and ankle joints and the sprint performance. In the present study, only the kinematic variables of the hip joint and ankle joint showed a significant relationships with the running time over a 10-meter section of a 30-meter sprint. Theoretically, a greater range of motion and knee flexion angle should also positively affect sprint performance. During the recovery portion of the stride, the heel should remain as close to the hips (buttocks) as possible, which helps to shorten the inertia radius and achieve a higher angular velocity in the knee joint [21, 25, 30] . However, Mann and Herman [21] and Murphy et al. [11] have demonstrated that a lower value of knee extension at take-off positively affects the running time for sprinters, which might result from differences in the motion pattern that should occur in the acceleration phase and maximal velocity phase. However, no statistically significant relationships were found in our study between running time and the values of angles, angular velocities, and range of motion in the knee joint. A lack of these relationships may suggest that this part of the motion pattern was performed properly by the participants rather than the variables do not affect running time.
Statistically significant negative relationships were found between running time over a 10-meter section and the ranges of motion of the hip joint (steps 4, 6, and 8) and the ankle joint (steps 4, 6, and 8) in the sagittal plane. Therefore, in order to maximize the velocity (minimize time) of running during the acceleration phase, an adequate level of mobility with respect to the sagittal plane in the hip joint and the ankle joint is needed. A relatively high range of motion in the joints of the lower limb is necessary to obtain an adequate running stride [27] .
Conclusions
This study contains technical running guidelines for young athletes that can be used during training. However, it should be noted that the relationships between running time over a 10-meter section of a 30-meter sprint and kinematic variables of lower limbs might differ depending on the age of the athletes, the sport, and the running technique level. Movement technique also depends on the running phase. The relationships between running time over a 10-meter section of a 30-meter sprint and the kinematic variables of the lower limbs refer only to the technical aspect of the running gait, which does not consider (directly) the kinetic variables. Therefore, further studies should be extended by kinetic variables of the lower limbs and the search for relationships between kinetic and kinematic variables. The actual practical implications can be reduced to the three conclusions presented below:
(1) An excessively large flexion in hip joints might have an unfavorable effect on running time during the acceleration phase of a 30-meter sprint.
(2) In order to minimize running time during the acceleration phase, running should be maintained more in a line (a straight line) rather than from side to side.
(3) A beneficial relationship with running time during the acceleration phase was found for the range of motion in hip and ankle joints with respect to the sagittal axis.
